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To develop and validate improved processing methods for producing diagnostic-quality, whole-mount serial sections for 3-dimensional imaging of wholebreast histopathologic studies, we subjected 4-mm-thick whole-specimen slices to a 38-hour microwave-assisted protocol. Morphologic features, antigenicity, and tissue shrinkage were evaluated. A schedule using the tissue processor was optimized by evaluating the serial section yield for 3 schedules.
The microwave-based processing schedule is adequate for producing diagnostic-quality whole-mount breast serial sections of an area up to 6,000 mm 2 Compared with current sampling techniques used in histopathology, 3-dimensional (3-D) histopathology imaging of whole breast specimens could provide a powerful tool to enable more accurate assessment of surgical accuracy, through evaluation of specimen margins. It can also be used to provide a more complete and true visualization of the 3-D nature of the extent and focality of disease.
Breast tissue is fatty and distorts extensively. In addition to gross tissue undersampling error, distortion can produce a falsely close positive margin or a falsely adequate negative margin. The 2-D piecewise sampling of 3-D continuous structures can, in certain cases, promote the appearance of benign epithelium or a clear margin. [1] [2] [3] [4] [5] Some studies estimate that in 6% to 30% of cases in which negative microscopic margins were achieved, residual tumor was found in the reexcision specimen or tumor bed. 1, 6, 7 In the case of multifocal disease, the disease process itself is not delineated by resection margins, which can also produce an apparently falsely negative margin. Consequently, there is a higher risk of local recurrence for tumors that are treated conservatively compared with mastectomy (22.5% for lumpectomy alone and 8.9% with radiation therapy vs 1.4% for mastectomy at 60-82 months of follow-up). 8 On the other hand, in 37% to 74% of cases with identified positive microscopic margins, no residual disease is found, [9] [10] [11] and the patient evaluated as having a false-positive margin may receive unnecessary reexcision or radiation therapy. An apparently falsely positive margin may also occur as a result of the wound healing process.
Motivated by these problems, we developed a method to produce whole-mount serial sections of entire breast specimens (average section area, 70 × 60 mm 2 ). 12 In this approach, referred to as 3-D pathology, the fresh specimen is first suspended in a gel, which reduces slumping and may, therefore, provide more accurate and meaningful tumor measurements. The gel tissue block is thinly sliced, and the slices are fixed and processed. Serial whole-mount sections are prepared from the entire specimen at a prescribed interval, and digital imaging is used to record this vastly increased amount of histopathologic data. 13 The "stack" of serial section images is visualized in 3-D in the "fly-through" mode, which allows pathologists to scroll seamlessly between sections. This overall approach enhances sampling dramatically, and, compared with the conventional piecewise approach, the whole-mount sections unambiguously capture tissue orientation. In addition, it is possible to apply quantitative computer-driven image analysis to the digital images thus formed.
Because of the rigorous demand of producing wholemount, serial sections of fatty tissue, a higher degree of fixation, dehydration/fat extraction, and infiltration must be achieved, and this process is time-consuming. In our previous work, we reported a turnaround time between fresh specimen and large paraffin block of 21 days. 12 Herein, we describe a method that uses microwave assistance to greatly reduce this time and thereby make the approach much more practical.
Microwave heating can be used to accelerate tissue fixation and processing. The primary phenomenon that is exploited is the exponential temperature dependence of viscosity and other transport properties affecting the diffusion rate of liquids. [14] [15] [16] [17] Microwaves deliver heat uniformly (within the penetration depth) by rotational excitement of dipolar molecules at the generator frequency of 2.45 GHz. 14 On the other hand, with conductive or convective heating, tissue porosity is decreased at the surface, which can impede further solvent penetration. 17 Moreover, tissue is a relatively poor conductor of heat. 18 It has also been suggested that microwaves effect fixation by inducing coagulation or partial protein denaturation 19, 20 or by satisfying a temperature optimum that exists for each reaction. 14 Although tissue fixation by heating was first reported in 1898, 21 the use of microwaves to fix tissue was pioneered by Mayers in 1970, 22 and the technology was subsequently applied to tissue processing. 19 Microwaves were later used to stimulate or assist formalin fixation on fresh tissues 23 or prefixed tissues 16, 24, 25 and then to dramatically accelerate conventional dehydration and clearing in paraffin processing. 17 Modern-day microwave implementations process biopsy specimens typically with 4-step schedules, using conventional reagents 26 or a proprietary reagent (containing absolute ethanol, isopropyl alcohol, and a long-chain hydrocarbon). 27 Very rapid fixation and processing has been reported [28] [29] [30] and applied to breast tissue. 31 The motive is usually to increase throughput in producing paraffin blocks for routine clinical use. However, we were motivated to explore the potential of this technology to reduce the lengthy time required to process large specimens, which require a very high degree of infiltration to support serial sectioning. Therefore, a specially tailored schedule is warranted, with the concurrent need to maintain diagnostic quality and to minimize shrinkage for preservation of 3-D features.
In this article, we describe the microwave-based technique we developed to achieve a significant reduction in processing time with respect to our previous work and demonstrate its adequacy for producing serial sections. It is important to compare the artifacts and limitations arising from this alternative method with those known to occur with formalin fixation and conventional tissue processing. First, we demonstrate the overall diagnostic quality of the slides, including the morphologic features and compatibility with several common breast immunohistochemical stains using the antibodies used in our institution. We then discuss whether this technique produces an excessive amount of shrinkage compared with conventional processing. Finally, because it may not always be possible to use the microwave, we have also attempted to optimize the conventional tissue processor-based schedule that we previously reported. This may also be useful if there are concerns about microwave compatibility with yet-undiscovered antibodies to be used in retrospective testing.
Materials and Methods
Breast tissue specimens were received from the Department of Pathology at our institution from 2005 to 2007, with approval from the research ethics board. The following experiments used tissues from 15 specimens (9 lumpectomy, 3 mastectomy, and 3 reduction mammaplasty specimens).
Specimen Preparation and Processing
Following resection, each whole tissue specimen was suspended in a gel as described previously. 12 Before suspension, the margins were inked and the specimen was coated with 5% acetic acid to promote stabilization of the margin ink to the specimen. The gel tissue block was then ice-chilled for 1 to 2 hours and, once fully set, was serially sliced or "bread-loafed" using a rotary food slicer (model 1042, Rival, Fontana, CA) or, for larger specimens, a gravity-fed slicer (model 827, Berkel, South Bend, IN). Slices were collected onto filter paper to help provide mechanical support and promote absorption of excess moisture, as this improved tissue-gel adhesion. The mean ± SE slice thickness was 4.0 ± 0.2 mm.
The gel-encased tissue slices were fixed in 10% neutralbuffered formalin and processed according to 1 of the 4 schedules shown in zTable 1z using a manual laboratory microwave (HistoWave) or a conventional tissue processor (Shandon Pathcentre) (both from Thermo Scientific [formerly Thermo Shandon], Waltham, MA). To ensure adequate fixation, tissues processed in the conventional tissue processor were fixed passively for 1 to 3 days. 32 Before microwave pro-cessing, tissues were fixed passively for 16 hours to achieve consistent results for immunohistochemical demonstration of estrogen receptor (ER) and human epidermal growth factor receptor. 33, 34 A 20-minute fixation step was also inserted in the microwave-accelerated protocol to further ensure adequacy. Porous-shelved Teflon racks were constructed to accommodate microwave fixation and processing of large tissue slices according to the microwave schedule. The required solvents were preheated to 45°C in a water bath. For tissues processed in the tissue processor, each slice was enveloped in a sheet of tulle (a dressmaking fabric), which was heat-sealed and fastened with office staples to secure the slice during processing. Slices were processed according to 3 schedules (TP1, TP2, TP3; Table 1 ) to identify the shortest schedule yielding diagnostic-quality serial sections (referred to as TP). In the tissue processor, a solvent/tissue volume ratio about 20 to 30:1 was maintained, although it was necessary to adjust the ratio to about 30 to 40:1 in the microwave. After processing, the slices were embedded into paraffin blocks.
Evaluation
Serial Sections
To identify the optimized tissue processor schedule, TP, and to determine if the microwave schedule successfully yields whole-mount serial sections, the serial section yield was measured from a block prepared using each schedule listed in Table 1 . Here, yield was defined as the percentage of intact sections out of a contiguous series of 10 that were observed to be free of sectioning artifact such as tearing, shattering, or disintegration. Because obtaining serial sections for breast tissue becomes more challenging as the section area increases, this yield was evaluated for 2 sizes of whole-mount section: approximate tissue areas of 4,000 and 6,000 mm 2 . Based on our previous experience, 12 a yield of at least 70% is considered acceptable.
Sectioning was performed at 4-to 5-µm thickness using a motorized heavy-duty sliding microtome (SM2500, Leica Microsystems, Wetzlar, Germany) with a disposable knife blade (S35L, Feather Safety Razor, Osaka, Japan) as the 5  5  5  5  ---5  5  5  5  ---Ethyl alcohol  50%  5  5  5  5  ---5  5  5  5  ---70%  5  5  5  5  5  3  2  5  5  5  5  ---80%  5  5  5  5  5  3  2  5  5  5  5  ---95%  5  5  5  5  5  3  2  5 5 FT, fixation time (all fixation done passively and at room temperature); NBF, neutral-buffered formalin; PV, alternating pressure and vacuum; TS, tide and stir during processing. * MW is the microwave-based schedule ("On" and "Off" refer to the oven), and TP1, TP2, TP3 are conventional processing schedules. Reagents are heated to 45°C in a water bath before microwaving.
block was constantly ice-chilled. For smaller blocks (<45 × 65 mm), sectioning was performed on a rotary microtome (Shandon Finesse E+, Thermo Scientific) adapted with a 60 × 55 mm vise (Thermo Scientific). Sections were floated out initially on a cold-water bath and then on a 40°C water bath to remove wrinkles.
Diagnostic Quality
Three outcome measures were estimated to evaluate the diagnostic quality of microwave-produced tissue sections: morphologic quality (cellular detail and tissue architecture), compatibility with immunohistochemical staining (intensity, specificity, and total area of staining), and degree of tissue shrinkage.
For morphologic evaluation, 2 blinded reference pathologists were presented with 6 pairs of whole-mount sections of tumor tissue stained with H&E. Each pair consisted of a tissue section from a microwave-processed tumor and one from a TP-processed tumor, matched for approximate area and fixation time. The pathologist was asked to judge whether each slide was of diagnostic quality (yes or no) to establish whether each processing technique is suitable for clinical work. Then, to investigate the equivalence of the 2 techniques, each pathologist (blinded as to which slide represented which technique, TP or microwave) was asked, for each pair, to specify a preference (A or B) for one of the slides using a 5-point scale.
The scale was as follows: 1, definitely prefer A; 2, probably prefer A; 3, equivocal; 4, probably prefer B; and 5, definitely prefer B. Both pathologists are board-certified and devote 50% or more of their time at our institution working in breast pathology exclusively.
To evaluate epitope preservation, a reference pathologist (J.T.Z.) was given 4 sets of slides, with each set consisting of 5 pairs of slides. The slides in each set were stained, using standard techniques, with one of the following antibodies, which are routinely used for breast tissue in our institution: antibody to ER (clone 6F11, Novocastra Laboratories, Newcastle upon Tyne, England), progesterone receptor (clone 312, Novocastra), myosin-smooth muscle (clone SMMS-1, BioGenex, Carlsbad, CA), and E-cadherin (clone 36, BD Biosciences Transduction Labs, San Jose, CA). A fifth set consisting of 2 pairs of slides stained for HER2/neu (clone SP3, LabVision, Fremont, CA) was also evaluated. Each pair of slides consisted of 1 experimental and 1 control tissue section from the same tumor. The experimental tissue consisted of a small fragment of a whole-mount section, processed using microwave and mounted on a conventional-sized slide, and the control tissue was processed using conventional protocols. For all pairs of slides except those demonstrating HER2/neu, the pathologist assessed whether the quality of staining available with microwave was equivalent to the conventionally processed tissue (yes or no), considering intensity, specificity, and number of cells stained. The slides demonstrating HER2/neu were evaluated according to American Society for Clinical Oncology/College of American Pathologists guidelines. 34 To quantify shrinkage in microwave-processed tissues in a way that allows the estimation of errors, the distances between 63 pairs of reference points marked on tissue slices at arbitrary locations were measured at 4 time points: (1) from the fresh unfixed slice, (2) after fixation, (3) after clearing, and (4) from the embedded block. For 8 of the measurements, it was also possible to make this measurement on the final, mounted slide. Tissue shrinkage at each stage was calculated relative to the fresh state. The reference points were applied to the fresh tissue surface using a tissue-marking dye (catalog No. 24108, Polysciences, Warrington, PA) applied with a 27.5-gauge syringe, and the distance between the dots was measured using an electronic digital caliper. These measurements were made using slices from 2 of the reduction mammaplasties (n = 44) and from 3 of the lumpectomies (n = 19).
Results
The serial section yields for the tissue processing schedules in Table 1 are summarized in zTable 2z. A ribbon of contiguous serial sections from tissue processed using microwave (Table 1) is shown in zImage 1z. zImage 2z illustrates tissue architecture in a whole-mount section and the 3-D stack of serial sections, representing a whole lumpectomy from which it was extracted. zImage 3z illustrates the cellular detail in microwave-processed tumors for selected differential diagnoses. For the H&E-stained slides, all were deemed to be diagnostically acceptable by both pathologists and the morphologic features in the microwave-processed section were deemed to be equivalent to the TP-processed control section. The average score in the preference test for both pathologists was 3. Although the correlation of scoring between the 2 pathologists was not evaluated, no such correlation was apparent from inspection of the data. scores were assigned to the control and microwave-processed tissues in the HER2/neu assessment (+3 for each pair). zImage 5z shows a whole-mount section treated with the antibody to ER. The results of the tissue shrinkage experiment are summarized in zFigure 1z.
Discussion
We have reported an microwave schedule for producing contiguous serial, whole-mount sections with a turnaround time of approximately 1.6 days between fresh specimen and paraffin block (18 hours of fixation and 22 hours of processing, including 12 hours of passive infiltration). We also describe a TP schedule capable of yielding serial sections in a minimal time (approximately 3 days, which includes 1 day of fixation and 35 hours of processing). These schedules compare advantageously with the 21-day schedule we reported previously (7-10 days of fixation and 11-14 days of processing, including 7 days of infiltration). 12 It is important to note, however, that none of these times include embedding, sectioning, mounting, and coverslipping, and these steps can be very time-intensive when several large blocks must be embedded and mounted in series using a limited supply of custom molds and sliding microtome baseplates.
There are 4 factors that contribute to the achievement of a significantly reduced turnaround time compared with our previous work. First, for microwave and TP, thinner and more uniform "bread-loaf" slices were achieved; the time required for solvent diffusion into the tissue slice varies quadratically with its thickness. 35 Collecting and supporting the tissue slices with filter paper, coating the specimen with acetic acid, and replacing hand slicing with the use of a rotary tissue slicer collectively improved adhesion. Tissue suspension was thus successful at a lower temperature (50°C instead of 55°C), which reduces the risk of potential tissue damage due to coagulative effects (although no adverse effects were observed in our studies to date).
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zImage 2z Microwave-processed tissue. A, Tissue architecture in a whole-mount section, approximately 80 × 80 mm (H&E, ×5) . B, The 3-dimensional "stack" of images from which the section is extracted. The image stack represents a whole lumpectomy (14 sagittal sections, 4 mm apart) (H&E, ×5).
zImage 1z A ribbon of contiguous serial sections. The area of the tissue block is 5 × 7 in (sagittal slice from a mastectomy, with excess paraffin trimmed). A penny was placed on the stage to illustrate scale.
Second, a defatting agent was added to the schedule. Acetone accelerates the extraction of hydrophobic lipids compared with using alcohols alone. 36 In the microwave, isopropyl alcohol was used as an intermedium between ethanol and xylene (acetone poses an explosion hazard in the microwave) to ensure that dehydration is complete while promoting effective microwave absorption. 16, 37 In the microwave, this solvent has also been observed to prevent microwave-related hazy artifact, in which nuclei fail to take up stain 38 and that may be especially problematic for large tissue blocks. 39 Third, it was possible to reduce the fixation time without observed morphologic penalty. Finally, to a very high degree, successful whole-mount serial sectioning of breast tissue rests on technical skill and expertise. A keen sense for when to change the blade, cool or moisten the block, and how to manipulate sections in a way that the sections do not tear cannot be simply taught but must be developed through experience. As this was developed, it was no longer necessary to use increased infiltration time to compensate for challenging sectioning.
A number of factors were considered in developing a microwave schedule suitable for this application, which rigorously demands high histologic quality. We have used a 22-step schedule that requires more time than the 4-step schedules that are suitable for routine work in which the primary goal is to maximize throughput. More time is required to fix and process large tissue slices adequately, especially when this is done with the objective of producing serial sections. inserting microwave off periods in the protocol allows for prolonging the xylene clearing process without excessive heating of this solvent and for the solvent baths to be conveniently changed during the off period. A microwave temperature of 45°C was chosen based on the reported optimal temperature range for microwave fixation (45°C-70°C) 42 while considering the potential for artifacts and/or excessive shrinkage to occur at higher temperatures. Minor adjustments in the times for the ethanol baths were accommodated by the microwave schedule, and the times in Table 1 could be reduced by 2 minutes each to condense the schedule into an approximately 10-hour workday while allowing a total of 2 to 3 hours for solution warmup and changing reagents. As in our previous work, we found that the longest single step for achieving serial sections is paraffin infiltration. Most of this was done without using the microwave, because paraffin is almost perfectly microwavetransparent and because the tissue processor provides alternating pressure/vacuum, which is beneficial in this stage.
Serial sections with acceptable yield were successfully obtained from microwave schedule-processed tissues for areas up to 6,000 mm 2 ( Table 2 ). Of the 3 TP schedules, TP2 provided the best performance, with 1-day fixation providing adequate results. Further reducing processing time to 22 hours (TP3) reduced the serial section yield significantly. Even though it was possible to produce a ribbon of 10 sections for all of the tissues processed using TP3, all of the sections exhibited extensive tearing. As the area increases, section yield generally decreases. By using TP1, for example, the yield decreases to 60% for approximately 7,500 mm 2 and to 30% for tissue areas of 9,000 mm 2 . The serial section yield depends on several other factors that are difficult to control, such as section geometry or shape, ambient humidity, and the fatty/fibroglandular tissue ratio. These other variables may introduce small inconsistencies as noted in the results for TP2 in Table 2 .
Others have reported indistinguishable or equally good preservation of microscopic structures with microwave-assisted fixation and/or processing compared with conventional processing. 16, 17, 19, 23, 26, 30, 31, 41, 43 Microwave-assisted fixation and/or processing has been shown to be compatible with a wide variety of antibodies 19, 26, 31 and in some cases has been observed to preserve antigenicity better than formalin fixation alone. 30, 31, 44, 45 For breast tissue, compatibility with immunohistochemical staining for p53 26, 46 and for ER, 26, 47 as well as for PR and HER2/neu, 26 has also been demonstrated by others. To get a preliminary impression as to the potential compatibility of this technique with fluorescence in situ hybridization for HER2/neu gene testing, hybridization was performed on a sample from a single microwave schedule-processed lumpectomy specimen, and a diagnostically acceptable result was achieved. For microwave processing, compatibility has also been reported
The alcohol concentration was increased gradually starting from 50% to prevent excessive shrinkage due to diffusion gradients. 40 Preheating solutions helped to minimize temperature gradients and avoid hot spots; otherwise, gradients as large as 15% can occur. 16, 41 We also found that processing quality and, therefore, ease of sectioning were improved by inserting alternate "microwave off" steps into the schedule as a way of increasing processing time. Increasing processing time by zFigure 1z Tissue shrinkage during microwave processing. Measurement of a linear distance made on tissue slices after fixation, after clearing, and after embedding is represented as a proportion of this distance as measured on the slice before fixation. The average for 63 measurements is shown along with the standard error.
zImage 5z Immunohistochemical staining (estrogen receptor) on whole-mount sections (approximately 60 × 60 mm shown) (×5). Special antigen-retrieval techniques were necessary for larger sections (3 × 4 in and up) to remain intact during retrieval.
by others, 48 and it has been suggested that microwave fixation offers a potentially higher degree of RNA preservation. 49 This motivates a larger, more comprehensive future study.
For slides 3 × 4 in and larger, it was necessary to perform coating with a 0.1% (wt/vol) poly-l-lysine solution. With conventional silane-based coatings, larger whole-mount sections detached from the slides during heat-induced epitope retrieval when it was conducted in the conventional manner at 120°C in a pressure cooker. Instead, it was necessary to perform heat-induced epitope retrieval in a convection oven at 80°C or 90°C for 1 to 2 hours, using poly-l-lysine-coated slides (Image 5).
No excessive shrinkage for breast tissue occurred in the microwave compared with conventional processing, for which shrinkage has been evaluated by Pritt et al. 50 Palpable breast tumor tissue was found to shrink an average of about 3% during conventional fixation, processing, and mounting. 50 We report about 8% shrinkage for microwave scheduleprocessed tissue. However, the majority of our measurements were made on reduction mammaplasty tissue in which there is a significantly greater proportion of fat to be extracted during processing compared with palpable tumor, and in the tumor specimens, no attempt was made to restrict the measurement to the tumor itself. Most of our data do not include dimensional changes occurring outside the microwave (ie, mounting), but for those that do (8 of 63 measurements), negligible dimensional changes were observed to occur after processing. A limitation of our measurement approach, however, is that it assumes that tissue shrinkage is linear because the 2 reference points were marked at arbitrary locations in the tissue slices. We have observed nonlinearities of up to 3%, with larger tissues having greater shrinkage. Previous studies using a variety of other tissues corroborate that microwave fixation or processing does not produce excessive tissue shrinkage. 16, 19, 23 The use of isopropanol in the microwave to complete dehydration after the series of alcohol baths has also been shown to reduce shrinkage effects. [51] [52] [53] [54] 
Conclusion and Future Work
We report a rapid method for producing diagnostic-quality whole-mount serial sections for breast tissue (about 1.5 days using the microwave and 3 days with the conventional tissue processor). With microwave processing, the morphologic features were deemed equivalent to the features after conventional processing. The protocol is compatible with a variety of immunohistochemical assays and does not produce excessive shrinkage (<9% from fresh tissue to embedded block). A few possibilities have been identified for further improvement of this technique, such as implementation of a mechanism for keeping the block face cool to improve the quality of sectioning, the use of an automatic microwave, and, for the tissue processor, the
